We demonstrate the application of the Sagnac interferometer to magneto-optic measurements at an oblique angle of incidence. With an appropriate choice of polarization states for the two counter-propagating beams, a wide variety of magneto-optic effects may be measured, in the absence of an external perturbing field, with a sensitivity of a few hundred nanoradians. Using simple symmetry analysis of the conventional Kerr rotation measurement geometry, we may distinguish contributions to the non-reciprocal phase shift due to the polar, longitudinal and transverse Kerr effects, and consequently completely determine the magnetization vector direction, averaged over the probed region. Magneto-optic hysteresis loops were taken on a permalloy film to demonstrate the effectiveness of the new technique. We discuss the relevance of the Sagnac interferometer to magnetic microscopy and to the study of magnetic anisotropies in thin films. © 1996 American Institute of Physics. ͓S0021-8979͑96͒47908-3͔
serve as polarization filters for the reflected beams. The two beams are reflected from a magnetized sample, and the natural coordinate system for describing the magnetization direction, in which we denote each coordinate by the name of its associated magneto-optic effect, is indicated. The only source of non-reciprocal phase shift in the interferometer is the magnetized sample, so we may neglect the rest of the interferometer and calculate only the relative phase shift between the two beams as they traverse the space between two imaginary observation planes O 1 and O 2 , indicated in the diagram.
Conceptually, it is helpful to represent the behavior of the single-mode fibers, polarizers and retardation plates by two pairs of idealized optical elements, a polarized planar source and a coherent, polarization sensitive, spatially filtered detector. 11 One of each is located at each of the observation planes, as indicated in Fig. 2 . We denote each monochromatic source field at its plane of origin O i by E i src (r,t)ϭE i src (r)e Ϫit , and the field which the source generates at its plane of detection by E i srcЈ (r,t)ϭE i srcЈ (r)e Ϫit . The field which the coherent detector at O i accepts will simply be the reciprocal of corresponding source field, E i det (r,t)ϭE i s* (r)e Ϫit . Throughout, we will assume that both the incident and reflected field amplitudes are described by a single polarization state over the whole field profile, so that we may write E i srcЈ (r)ϭE i srcЈ (r)P 1 . This assumption will not generally hold if the sample is inhomogeneous, but the treatment given here may be extended to such cases by following the standard treatment in Fourier optics of coherent imaging. 2, 12 In practice, the optics are aligned so that the scalar part of all of the above fields are identical, described approximately by Gaussian functions E 0 (r). We may then represent reflection from a material with magnetization vector M by a reflectivity matrix R(M) which acts only on the polarization state, so that E 1,2 srcЈ "r)ϭE 0 (r)R(M)P 1,2 . For fixed source fields, the complex amplitude ␣(E i src (r),E j src (r),M) which the source at O i excites in the detector at O j will be given by the overlap integral between the two fields:
The non-reciprocal phase shift between the beams will be
͑2͒
If the sample is nonmagnetic, then by the symmetry of the kinetic coefficients its dielectric tensor ⑀ i j must be symmetric, 13 and the Helmholtz reciprocity theorem holds:
This implies that the phase shift given by Eq. ͑2͒ is zero, as expected. If the sample is magnetized, then the dielectric tensor will develop off-diagonal terms, Eq. ͑3͒ no longer holds, and we may detect a non-zero nr . The SI is dynamically biased to produce a voltage signal which is proportional to the phase shift multiplied by the average optical power at the detector, so the measured signal is roughly proportional to nr ϫ͉␣(E i src (r),E j src (r),M)͉ 2 . The magnitude of the signal due to this non-reciprocity will depend on the details of the optical constants of the material, the nature of the boundary conditions, the polarization states P 1 and P 2 , and the direction of the magnetization. Symmetry considerations will help us choose polarization states which provide useful information about the magnetization state under fairly general circumstances, simplifying our analysis considerably.
We consider the case of an isotropic sample magnetized in an arbitrary direction. Shelankov and Pikus have discussed the constraints which time-reversal symmetry, together with a variety of other crystal symmetries, impose on the reflectivity matrix. 11 Our analysis parallels theirs, and the reader may refer to their work for more details concerning the influence of crystal symmetry and gyrotropy on our results. Neglecting these effects, we can see that there are two transformations which will map the source plane of one beam onto the source plane of the other: ͑i͒ C 2 , a 180°rotation about the film normal, and ͑ii͒, v , a reflection through the plane perpendicular to both the film surface and the plane of incidence. We may choose P 1 and P 2 to satisfy one or both of these symmetries, as shown in Fig. 3 . By doing so, we eliminate the contribution of one or more magnetization directions to the magneto-optic response. Consider the case P 2 ϭC 2 P 1 . Rotation changes the sign of both the transverse and the longitudinal components of the magnetization, but leaves the polar component unchanged. Thus symmetry requires that a sample magnetized in the polar direction will have the same response to each beam, producing zero relative phase shift between them, while the magnetization along the transverse or longitudinal directions will typically yield a finite shift. In a similar way, by choosing P 1 ϭ v P 2 we will observe no longitudinal response. If P 1 and P 2 are linear, p-polarized states, then both symmetries are satisfied and only the transverse component gives a finite response ͑s-polarized states, due to their symmetry under reflection in the plane of incidence, yield no response whatsoever͒. Limiting ourselves to the linear response the magnetization, with coupling constants ␣, we may summarize these statements by the following equations:
A bar above the magnetization direction indicates that this component is forbidden by symmetry from contributing to the signal. These three phase shifts may all be determined simply by changing the orientations of the retardation plates shown in Fig. 1 . By determining the five coupling constants, we can use Eqs. ͑4͒ to calculate the complete magnetization
